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SUMMARY 

An investigation to determine the performance and operational 
characteristics of an axial -flow gas turbine -propeller engine was 
conducted, in the Cleveland altitude wind tunnel. As part of this 
investigation, the combust ion-chamber performance was determined 
at pressure altitudes from. 5000 to 35,000 feet, compressor- inlet 
ram-pressure ratios of 1.00 and 1.09, and engine speeds from 
8000 to 13,000 rpm. Combustion-chamber performance is presented 
as a function of corrected engine speed and corrected horsepower. 

For the range of corrected engine speeds investigated, over- 
all total-preesure-loss ratio, cycle efficiency, and the fractional 
loss in cycle efficiency resulting from pressure losses In the 
combustion chambers were unaffected by a change in altitude or 
compressor- inlet ram-pressure ratio. The scatter of combustion- 
efficiency data tended to obscure any effect of altitude or ram- 
pressure ratio. For the range of corrected horsepowers investi- 
gated, the total-pressure-loss ratio and the fractional loss in 
cycle efficiency resulting from pressure losses in the combustion 
chambers decreased with an increase in corrected horsepower at a 
constant corrected engine speed. The combustion efficiency 
remained constant for the range of corrected horsepowers investi- 
gated at all corrected engine speeds. 
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INTRODUCTION 

An investigation to determine the performance and operational 
characteristics of an axial -flow gas turbine -propeller engine was 
conducted in the NACA Cleveland altitude wind tunnel. The perform- 
ance characteristics of the component parts of the engine were 
determined in addition to the evaluation of the over -all performance 
characteristics. Various phases of the investigation are reported 
in references 1 to 4. 

The combust ion-chamber performance is presented herein to show 
the effect of engine operating conditions on combust ion- chamber 
over-all total-pressure loss, combustion efficiency, cycle effi- 
ciency, and the fractional loss in cycle efficiency due to 
combustion- chamber pressure losses. Data were obtained for pres- 
sure altitudes from 5000 to 35,000 feet, compressor- inlet ram- 
pressure ratios of 1.00 and 1.09, and engine speeds from 8000 to 
13,000 rpm. 


DESCRIPTION OF COMBUSTION CHAMBER 

The T31 gas turbine-propeller engine has nine cylindrical 
counterflow combustion chambers (fig. l). The air leaving the last 
stage of the compressor is turned 180° before entering the combus- 
tion chambers and passing into annular spaces between the casings 
and the liners. The casing (fig. 2(a)) is 6 inches in diameter 

and 14^ inches long and contains a removable liner (fig. 2(b)) 

that divides the combustion zone from the passage for the entering 
air flow. A series of openings in the wall of the liner allows 
air to pass into the combustion zone, Where it is mixed with fuel 
sprayed from an atomizing nozzle located in the center of the 
combust ion- chamber dame. The fuel is ignited by spark plugs 
located in the dome of two of the combustion chambers; fuel in 
the other combustion chambers is ignited through cross-fire tubes. 


ENGINE INSTALLATION AND INSTRUMENTATION 

The axial -flow gAs turbine -propeller engine was installed in a 
streamlined wing nacelle, which was mounted In the 20 -foot -diameter 
test section of the Cleveland altitude wind tunnel (fig. 3) . A 
sectional drawing csf the engine showing the location of measuring 
stations Is given In figure 4. A complete description of the engine, 
the installation and the instrumentation is presented in reference 1. 
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The instrumentation used in this analysis was located at the 
compressor inlet (station 2), the compressor outlet (station 3), 
the turbine inlet (station 5), and the tail-pipe-nozzle outlet 
(station 8). Because the instrumentation at the compressor elbow, 
(station 4), was inadequate for determining pressure losses across 
the combustion chambers, the instrumentation at the compressor out- 
let (station 3), was used. 

The compressor-outlet Instrumentation consisted of three rakes, 
located 120° apart, with three total-pressure tubes and two thermo- 
couples each. The location of all instrumentation at this station, 
including five wall static tubes and two probe static tubes, is 
shown in figure 5. Turbine- inlet instrumentation consisted of five 
total-pressure tubes and five wall static tubes located as shown 
in figure 6. The tail-pipe rate at station 8 (fig. 7) contained • 

16 total-pressure tubes, three static-pressure tubes, and six thermo- 
couples and was located with the plane of measurement 1 inch upstream 
of the tail-pipe-nozzle outlet. 


PROCEDURE 

The investigation was conducted at pressure altitudes ranging 
from 5000 to 35,0Q0 feet and at compressor- inlet ram-pressure ratios 
of 1.00 and 1.09. At each altitude and compressor- inlet ram-pressure 
ratio, the engine speed was varied from. 8000 to 13,000 rpm. The 
engine power measured at the torquemeter ranged from 70 to 1050 horse- 
power . Ambient temperatures were maintained at approximately NACA 
st andar d altitude conditions. Average values of pressure anfl tem- 
perature used in this analysis were taken from references 1 and 3. 


SYMBOLS 

The following symbols are used in this report: 

A cross-sectional area, square feet 

Cp specific heat of gas at constant pressure, Bbu 

per pound °R 

Cp j average specific heat at constant pressure from 

3 station 9 to station 0, Btu per pound 9R 

f fuel- air ratio 
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g acceleration due to gravity , 32.2 feet per second 

per second 

ghp horsepower loss in high-speed reduction gear 

H enthalpy, Btu per pound 

H a enthalpy of air, Btu per pound 

Hf enthalpy of fuel, Btu per pound 

hf heating value of fuel, 18,700 Btu per pound 

hp shp + ghp 

J mechanical equivalent of heat, 778 foot-pounds per Btu 

N engine speed, rpm 


P total pressure, pounds per square foot absolute 

(dPqi)/P3 over-all total-pressure-loss ratio across combustion 
chambers due to friction and momentum changes 

, pounds per square foot 

p static pressure, pounds per square foot absolute 

R gas constant, 53.4 foot-pounds per pound °R 



shp shaft horsepower measured at torquemeter 


T total temperature, °R 

Ti indicated temperature, PR 

t static temperature, °R 

W a air flow, pounds per second 

Wf fuel flow, pounds per hour 

Wg gas flow, pounds per second 

y ratio of specific heats for gaBes 
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8 ratio of compressor-inlet total pressure to static pres- 

sure of NACA standard atmosphere at sea level 

9 ratio of compressor- inlet absolute total temperature to 

absolute statio temperature of NACA standard atmosphere 
at sea level 

ti cycle efficiency 

At) cycle-eff iciency loss 

tl-jj combustion efficiency 

Subscripts: 

0 tunnel-test-section free air stream 

2 compressor inlet 

3 compressor outlet 

5 turbine inlet 

8 tail-pipe-nozzle outlet 

9 station in Jet where static pressure first reaches free- 

stream static pressure 

The data were generalized to NACA standard sea-level coalitions 
by the following parameters: 

corrected engine speed, rpm 

corrected horsepower 


N 1 $ 

hp/(&V0) 


METHODS OF CALCULATION 


Gas flow and air flow. 
outlet was obtained from 


W g,8 " ^8^8 


- The gas flow at the tail-pipe-nozzle 


2788 


(78 _1 ) R 8 t 8 
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The air flow was then determined from 

W a = W g - (W f /3600) 

Turbine- inlet temperature. - Turbine- inlet temperature was 
calculated from the enthalpy drop through the turbine and the 
enthalpy at the tail-pipe-nozzle outlet: 


H S = 



+ h 8 


=5 


5 P,5 


An integrated value of Cp 5 was used in this equation. The value 
of ghp used in calculating Hg was estimated to vary from 
50 horsepower at an engine speed of 13,000 rpm to 25 horsepower 
at 8000 rpm. 


Jet-gas temperature ♦ - The gas temperature in the jet was 
determined from temperature and pressure measurements at the tail- 
pipe-nozzle outlet. For a thermocouple recovery factor of 0.85, 
the total temperature at the nozzle outlet was calculated from 


*8 


78- 1 





78” 1 



.■/s 

1 + 0.85 

k 

;) - 1 





If the total pressure, the total temperature, and the ratio of 
specific heats at the nozzle outlet (station 8), and in the Jet, 
(station 9), are assumed to be eq.ual. 


78- 1 
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METHODS ‘OF ANALYSIS 

Combust Ion efficiency. - Combustion efficiency is defined as 
the ratio of the actual increase in enthalpy of the gas to the 
theoretical increase that would result from complete combustion 
of the fuel charge: 


% 


_ ( H a,5“ H a,5) * 


fh* 


Cycle efficiency. - Cycle efficiency was determined according 
to the standard definition 


_ heat supplied by source - heat rejected to sink 
heat supplied by source 


t! _ (H5-H5) ~ Cp.j(t 9 -to) 
H 5“ H 3 


Loss in cycle efficiency. - The expression for loss in cycle 
efficiency resulting from pressure losses in the combustion chamber 
was calculated by the method given in reference 5: 


Atl 


°P, J **9 


2=i 

/P 5 \ 7 

- 1 " (5) _ 


H 5“ H 3 


where y la the average value between stations 5 and 9. 


RESULTS AND DISCUSSION 

The presentation of combustion-chamber performance includes the 
evaluation of over-all loss -in total pressure across the combustion 
c ham b ers , combustion efficiency, cycle efficiency, and loss In cycle 
efficiency resulting from pressure losses in the combustion chambers. 

The over-all total-pressure loss across the combustion chambers 
may be considered as the sum of two components: the loss due to 

friction and that due to the addition of heat by combustion, or 
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momentum-pressure loss. Reference 5 gives a method of determining 
these components by assuming that all the friction loss occurs 
before the gas is heated. This assumption is valid for a through- 
flow type of combustion chamber. In a counterflcw combustion 
chamber, however, the assumption is invalid because preheating 
occurs during the flow of the entering air along the outside of 
the liner or basket. Consequently, the method of reference 5 is 
not applicable to the counterflow type of combustion chamber and 
only over-all pressure losses are considered in this report. 


Pressure-Loss Ratio 

Over-all total-pressure-loss ratio (AP^)/P 3 for the range of 
corrected engine speeds investigated is presented in figure 8(a) 
for altitudes from 5000 to 35,000 feet at static conditions and a 
tail-pipe temperature of approximately 1500° R. A similar compari- 
son of pressure-loss ratio is given in figure 8(b) for compres'sor- 
inlet ram- pressure ratios of 1.00 and 1.09 at an altitude of 

25,000 feet. Changes in altitude or ram- pressure ratio did not 
appreciably affect the total-pressure-loss ratio across the com- 
bustion ohamber. The total-pressure-loss ratio was 0.025 for the 
range of corrected engine speeds investigated. The variation of 
total-pressure-loss ratio with corrected horsepower is shown in 
figure 9 for various corrected engine speeds at an altitude of 
5000 feet and static conditions. At a constant corrected engine 
speed, the total-pressure-loss ratio decreased with an increase 
in corrected horsepower. For a constant corrected horsepower, the 
total-pressure-loss ratio increased as the corrected engine speed. 
Increased. 


Combustion Efficiency 

The relation of combustion efficiency to corrected engine 
speed is presented in figure 10(a) for altitudes from 5000' to 

35.000 feet at a ram-pressure ratio of 1,00 and in figure 10(b) 
for ram-pressure ratios of 1.00 and 1.09 at an altitude of 

25.000 feet. The soatter of these data tended to obscure any 
effect of altitude or ram-pressure ratio on combustion efficiency. 
The variation of combustion efficiency with corrected horsepower 
is shown in figure 11 for various corrected engine speeds at an 
altitude of 5000 feet and static conditions. For the range of 
corrected horsepowers investigated, varying the corrected engine 
speed had no appreciable effect on combustion efficiency. Values 
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of ccmbustion efficiency over 1.00. are considered the result of 
inaccuracies in measurement of turbine-outlet temperature and shaft 
horsepower. 


Cycle Efficiency 

Cycle efficiency as a function of corrected engine speed at a 
tail-pipe temperature of approximately 1500° E is shown in figure 12(a) 
for altitudes from 5000 to 35,000 feet at static conditions and in 
figure 12(b) for ram-pressure ratios of 1.00 and 1.09 at an altitude 
of 25,000 feet. As the corrected engine speed was increased from 
8170 to 14,180 s rpm, the cycle efficiency was raised from approxi- 
mately 0.04 to 0.17. Changes in altitude or ram-pressure ratio had 
no apparent effect on cycle efficiency. The variation of cycle 
efficiency with corrected horsepower at various corrected engine 
speeds and static conditions is shown in figure 13. Cycle effi- 
ciency Increased with increasing corrected horsepower from 0.03 
to 0.16 over the range of the investigation. At a constant cor- 
rected horsepower, a change in engine speed had no effect on oycle 
efficiency. 


Loss in Cycle Efficiency 

Cycle-efficiency losses that resulted from combust ion- chamber 
pressure losses are presented as fractional loss In cycle effi- 
ciency (Ati)/t] for the range of corrected engine speeds Investi- 
gated at altitudes from 5000 to 35,000 feet and static conditions 
at a tail-pipe temperature of approximately 1500° E (fig. 14(a)). 
Fractional less in cycle efficiency decreased with an increase in 
corrected engine speed over the entire range of the investigation. 
The change in altitude had no appreciable effect on (Atj ) /tj for 
the range of corrected engine speeds. Increasing the ram- pressure 
ratio from 1.00 to 1.09 reduced the fractional loss in cycle effi- 
ciency approximately 0.01 for the range of corrected engine speeds 
investigated (fig. 14(b)). The fractional lose in cycle efficiency 
for a range of corrected horsepowers at an altitude of 5000 feet 
and static conditions is shown in figure 15. For a constant cor- 
rected engine speed, (Atj)/t| decreased with an increase in cor- 
rected horsepower. At a constant corrected horsepower, (Ati)/h 
increased with an increase in engine speed. 
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SUMMARY OF RESULTS 

An investigation of counterflcw combustion chambers operating 
in a TG-100A gas turbine -propeller engine over a range of pressure 
altitudes from 5000 to 35,000 feet and ram-pressure ratios of 1.00 
and 1.09 gave the following results: 

1. Total- pressure- loss ratio vas unaffected by changes in 
altitude at a constant tail-pipe temperature and remained at a 
value of approximately 0.025 for the range of operating conditions 
investigated. A change in ram-pressure ratio from 1.00 to 1.09 
had no appreciable effect on total-pressure-loss ratio. At a 
constant corrected engine speed, the tctal-pressure-loss ratio 
was reduced as the corrected horsepower increased. 

2. The scatter of data tended to obscure any effect of alti- 
tude or ram-pressure ratio on combustion efficiency. Yarying the 
corrected horsepower at a constant corrected engine speed had no 
effect on combustion efficiency. 

3. At a constant tail-pipe temperature, the cycle efficiency 
increased with increasing corrected engine speed, but was unaf- 
fected by a change in altitude or ram-pressure ratio. At a 
constant corrected engine speed, the cycle efficiency increased 
as the corrected horsepower increased. At a constant corrected 
horsepower, however, changes in corrected engine speed had no 
effect on cycle efficiency. 
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4. Fractional loss in cycle efficiency, the result of pressure 
losses in the combustion chambers, decreased with an increase in 
corrected engine speed and was not appreciably affected by a change 
in altitude or ram-pressure ratio. At a constant corrected engine 
speed, the fractional loss in cycle efficiency decreased with 
increasing corrected horsepower. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 


REE’ESENCES 

1. Saari, Martin J., and Wallner, Lewis E.: Preliminary Results 

of an Altitude-Wind-Tmjnel Investigation of an Axial-Flow Gas 
Turbine-Propeller Engine. I - Performance Characteristics. 

MCA EM Ho. E8F10, 1948. 

2. Conrad, E. W. , and Durham, J. D. : Preliminary Results of an 

Altitude-Wind-Tunnel Investigation of an Axial-Flow Gas Turbine- 
Propeller Engine. II - Windmilling Characteristics. MCA 
RM Ho. ESFlOa, 1948. 

3. Geisenheyner, Robert M. , and Berdysz, Joseph J.: Preliminary 

Results of an Altitude-Wind-Tunnel Investigation of an Axial- 
Flow Gas Turbine-Propeller Engine. Ill - Pressure Temper- 
ature Distributions. MCA EM Ho. E8F10b, 1948. 

4. Wallner, Lewis E. , and Saari, Martin J.: Preliminary Results 

of an Altitude-Wind-Tunoel Investigation of an Axial-Flow Gas 
Turbine-Propeller Engine. 17 - Compressor and Turbine 
Performance Characteristics . MCA RM Ho. ESFlOc, 1948. 

5. Pinkel, I. Irving, and Shames, Harold: Altitude-Wind-Tunnel 

Investigation of a 4000-Pound-Thrust Axial-Flow Turbojet 
Engine. 71 - Combustion-Chamber Performance. MCA EM 
No. ESFlOe, 1948. 





NACA RM No. E8F I0d 








859 


NACA RM No. E8F I Od 


17 



Figure 3. - Front view of axial-flow gas turbine-propeller engine in 

altitude wind tunnel. 





Station 


2 Compressor inlet 

3 Compressor outlet 

4 Compressor elbow 

5 Turbine inlet 

6 Turbine outlet 

7 Exhaust-cone outlet 

8 Tail-pipe-nozzle outlet 



Figure 4. - Side view of axial-flow gas turblne-propel I er engine showing location of measuring 

stations. 
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O Total-pressure tube 
| • Static-pressure tube 
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Figure 7 


Instrumentation at tai l-pi pe-nozzt e outlet. 


station 8 





(a) Altitude varied; oonpreeior-lnlet ran-pressure ratio* 1.00, 



Corrected engine speed* H/AJfT 

(b) Conpreesor-inlet raw-pressure ratio varied; altitude* 80*000 feet. 

Figure 8. - Effect of corrected engine speed on over-all total-pressure- loss ratio for various alti 
tudes and compressor- in let ram-pressure ratios. Tail-pipe temperature, 1500° R. 





Over-all total-pressure 
loss ratio* -»r-2 



Corrected horsepower, hp/(&S&) 

Figure 9. Effect of corrected horsepower on over-all total -pressure- loss ratio for various corrected 
engine speeds. Altitude, 5000 feet; compressor-inlet ram-pressure ratio, 1.00. 



Combustion efficiency. 
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Altitude 


(ft) 

o 

5,000 

□ 

16,000 

0 

26,000 

A 

35,000 


(ft) Altitude varied; compressor-inlet ram-pressure ratio, 1.00 


Ham- 

pressure 

ratio 

p 2^ p 0 

1.09 

1.00 


Corrected engine speed, N/N9 

(b) Compressor-inlet ram-pressure ratio varied; altitude, 26,000 feet. 

Figure 10. - Effect of corrected engine speed on combustion efficiency for various altitudes and 
compressor-inlet ram-pressure ratios. (Tailed points Indicate tai l-plpe temperature of 1500° R. ) 
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Figure II. - Effect of corrected horsepower on combustion efficiency for various corrected engine 
speeds. Altitude, 5000 feet; compressor-inlet ram-pressure ratio, 1.00. 
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Cycle effiolenoy. 
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Figure 13. - Effect of corrected horsepower on cycle efficiency for various corrected engine speeds. 
Altitude, 5000 feet; compressor-inlet ram-pressure ratio, 1.00. 
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Cyole-effioiency-loas ratio 




Figure |4. - Effect of corrected engine speed on loss In cycle-efficiency ratio for various altitudes 

and compressor-ln let ram-presaure ratios. Tail-pipe temperature, 1500° R. w 
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Cyole-eff loiency-loss ratio 



Figure |5. - Effect of corrected horsepower on loss In cycle-efficiency ratio for various corrected 
engine speeds. Altitude, 5000 feet; compressor-inlet ram-pressure ratio, 1.00. 
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